The temperature dependence of intrinsic membrane conductances and synaptic potentials in guinea pig hippocampal CA1 pyramidal neurons were examined in vitro as they were cooled from 37°C to between 33 and 27%. Cooling reversibly increased resting input resistance in a voltage-independent manner (Go = 0.58 to 0.75). The amplitude and duration of orthodromically evoked action potentials were increased by cooling (Cl0 = 0.87 and 0.52 to 0.53, respectively), whereas the maximum rates of rise and fall were reduced (Q,,, =
The temperature dependence of intrinsic membrane conductances and synaptic potentials in guinea pig hippocampal CA1 pyramidal neurons were examined in vitro as they were cooled from 37°C to between 33 and 27%. Cooling reversibly increased resting input resistance in a voltage-independent manner (Go = 0.58 to 0.75). The amplitude and duration of orthodromically evoked action potentials were increased by cooling (Cl0 = 0.87 and 0.52 to 0.53, respectively), whereas the maximum rates of rise and fall were reduced (Q,,, = 1.27 to 1.49 and 2.19 to 2.44, respectively).
The amplitude and duration of the afterhyperpolarization which follows a directly evoked train of action potentials were substantially increased at low temperatures.
It is possible to attribute this increase to an augmentation of Ca2+ influx during the train and also to a slowing of Ca2+ removal from the cytoplasm.
Spike frequency adaptation during prolonged depolarizing pulses was enhanced at low temperatures. In addition, there was a decrement in spike amplitude during the train of action potentials. These observations all suggest an increase in Ca2+-activated K+ conductance at low temperature. A late, slow, hyperpolarizing synaptic potential in response to orthodromic stimulation became apparent at low temperature. This potential had an apparent reversal potential more negative than the early inhibitory postsynaptic potential, suggesting that it was mediated by a K+ conductance, possibly activated by Ca2+ influx. We conclude that reductions in temperature of as little as 5 to 10% from normal can significantly alter the intrinsic and synaptic physiology of hippocampal neurons and should, therefore, be considered an important variable in in vitro brain slice experiments.
Use of the in vitro brain slice technique has greatly enhanced our ability to study the physiology of neurons in the central nervous system.
One of the advantages of this technique is the ability to quickly and easily control and alter the environment surrounding these neurons.
Unfortunately, consistent control recording conditions have not been adopted (Alger et al., 1984) and few studies 
Materials and Methods
Adult guinea pigs were decapitated and their brains were rapidly removed and placed in ice-cold perfusion medium. The hippocampus was dissected free and 400.pm-thick transverse slices were obtained using a Mcllwain tissue chopper. The slices were immediately placed in the recording chamber (Schwartzkroin, 1975) at the gas-saline interface and were allowed to remain for 1 to 2 hr at 37'C before experimentation began. The slices were superfused with medium containing (in millimolar concentration): NaCI, 124; KCI, 5; NaHC03, 26; NaH,P04, 1.25; MgS04, 2; CaC12, 2.5; dextrose, 10. The pH was maintained at 7.4 with 95% Od5% CO* and did not vary in the temperature range examined. Intracellular recordings were made from CA1 b pyramidal neurons, penetrated with 30-to lOO-megohm microelectrodes filled with 4 M potassium acetate. Neurons accepted for study had stable resting membrane potentials of greater than -55 mV at 37°C (mean = -63.9 f 9.4 mV, n = 23), overshooting action potentials, and fired repetitively during depolarizing current pulses. Steady-state current-voltage plots were obtained from each cell by measuring the voltage deflections (Av) produced at the end of 120-msec current pulses of varying amplitude (A/) passed through the recording electrode via an active bridge circuit. Neuronal input resistance (RN) was determined from the slope of the linear, subthreshold portion of the plot. Apparent input resistance was determined by dividing the amplitude of the voltage deflection by the amplitude of the current pulse (All/A/). Synaptic potentials were evoked by brief (0.1 msec) current pulses delivered through sharpened, bipolar tungsten electrodes placed in stratum radiatum. Data were stored on magnetic tape (0 to 5 kHz) for later analysis on a MINC-23 computer.
The effects of cooling were examined in two ways. First, data were collected from two populations of cells, one at 37'C and another at 27"C. Intracellular recordings were made at 37°C; then, the slices were cooled to 27"C and allowed to equilibrate for 30 min to 1 hr. Second, single-cell recordings were maintained while cells were cooled from 37°C to between 818
Thompson et al. at the end of 120-msec current pulses of varying amplitude and polarity (Al) passed through the recording electrode via an active bridge circuit. A, Current versus voltage at 37"C, 27'C, and upon rewarming to 31°C. Resting potentials were -67 mV at 37%, -69 mV at 27°C and -71 mV at 31%. Slope resistance increased from 39 megohms at 37% to 74 megohms at 27°C and partially recovered to 62 megohms upon rewarming to 31°C. B, In the same cell as in A, apparent resistance (AV,,,/A/) was calculated from each pulse and is plotted versus A!/,,,. Note that the increase in resistance was relatively uniform at all v,s. Figure 2 . Effects of cooling on orthodromically evoked action potentials of a single cell at identical !I,,, (-70 mV) recorded at 36"C, 32OC, and upon rewarming to 37°C. A, Cooling the cell increased the amplitude and duration (measured at half-maximal amplitude) of the action potential 6% and 2O%, respectively.
Stimulus artifacts are indicated by so/id triangles. 6, Computer-differentiated records of the same action potentials. The maximum rates of rise (downward deflection) and fall (upward deflection) were reduced 11% and 14%, respectively, by cooling from 37 to 31°C. These effects were reversed upon rewarming.
33 and 27°C at a rate of 0.2 to 1 "C/min by passing the saline inflow over a Peltier device (Borg-Warner model 930-l 7). The effects of cooling could be reversed when the cells were rewarmed by reversing the direction of the current flow across the Peltler device. Temperature was confinuously monitored at the gas-saline interface with a microthermistor (0.4 mm, Bailey Instruments Co.). Similar results were obtained from both sets of experiments. Estimates of the temperature coefficients (Q,,,) were made to facilitate comparisons with previously reported values of temperature dependence. For a given parameter (X) measured at two temperatures (T, and T2):
Results
The membrane properties of two populations of cells recorded at either 37 or 27'C are compared in Table  I (Fig. IL?) show that the resistance increased equally at all Vms, suggesting that cooling decreases a voltageindependent resting conductance. In addition, this indicates that anomalous inward rectification, the apparent increase in input resistance due to activation of subthreshold inward current at V,,,s depolarized from rest (Hotson et al., 1979) , was not significantly altered. Temperature has been known to affect the kinetics of voltagedependent ion channels underlying the action potential in a variety of species and was accounted for in the formulation of the HodgkinHuxley equations (Hodgkin and Huxley, 1952) . The temperature dependence of several parameters of the action potential was examined in single cells as they were cooled. Action potentials were evoked with orthodromic synaptic stimulation at identical
Vms. Both the amplitude, measured from the base of the action potential, and the duration, measured at half-maximal amplitude, increased as cells were cooled (mean Qlo = 0.87 f 0.04 and 0.53 f 0.15, respectively; n = 6) ( Fig. 2A) . Computer differentiated records of these action potentials indicated that cooling reduces the maximum rates of rise and fall of the action potential (mean QIo = 1.27 + 0.34 and 2.19 + 1.03, respectively; n = 6) (Fig. 2B) . Changes in action potential parameters of a similar magnitude were observed in the population Thompson et al. Vol. 5, No. 3, Mar. 1985 820 36" 32" 7 ,4.0m" 500 msec Figure 3 . Effects on cooling on the AHP which follows a burst of six action potentials evoked by 120-msec depolarizing current pulses in a single cell. Note the reversible increase in the size of the AHP at low temperature.
Action potentials have been amputated due to high gain. Figure 4 . Effects of cooling on AHP which follows bursts of action potentials evoked by 120-msec depolarizing current pulses of varying amplitude in a single cell at 37 and 32°C. DC current was used to return the cell to its original rest V,,, (-57 mV). A, Plots of peak AHP amplitude and the time needed for the AHP to decay to half-maximal amplitude, an indicator of the decay rate, for varying amplitude current pulses. Note the large increase in amplitude and duration of the AHP for any given current intensity at low temperature. of cells at 27°C with the exception of the increased action potential amplitude (Table I ). The small increase in action potential amplitude with cooling may have been obscured by the variance of the pooled data, whereas data from single cells are more sensitive to small changes. A striking change resulting from cooling was the increase in the amplitude and duration of the afterhyperpolarization (AHP) which followed a directly evoked train of spikes (Fig. 3) (10 of 10 cells) . The increase in the size of the AHP was readily reversed upon rewarming. This afterpotential has been shown by several investigators to be the result of a Ca'+-activated K+ conductance (Hotson et al., 1977; Alger and Nicoll, 1980; Hotson and Prince, 1980; Schwartzkroin and Stafstrom, 1980) . Two partially dissociable processes, which influence the amplitude and duration of the AHP, might be affected by cooling: the amount of Ca" influx, and its rate of removal from the cytoplasm. This can be examined by comparing the AHPs which follow trains of action potentials produced by 120-msec depolarizing current pulses of varying amplitude. In Figure 4A , both the peak amplitude and the duration (measured as the time of decay from peak to half-maximal amplitude) of the AHPs are compared at 37°C and at 32°C in a single cell. For any given current intensity, both the amplitude and the duration of the AHP were . Effect of cooling on spike frequency adaptation. Shown are responses of a single cell to prolonged step depolarization produced by a 0.3-nA current pulse at 37', 29", and 27°C. Note the progressive inability of the neuron to maintain discharge throughout the depolarizing pulse. increased at low temperature (Fig. 48) . The increase in the duration of the AHP appeared to result from a reduction in its rate of decay. When the duration of the AHP is compared to its initial amplitude (Fig. 4C) , it can be seen that, for any given peak amplitude of the AHP, the time to half-maximum is greatly increased at low temperature (Fig. 40) . Thus, cooling reduced the rate of decay of the AHP as well as increased its amplitude.
Hippocampal neurons in vivo and in vitro at 37°C respond to prolonged depolarizing step currents with an initial, rapid train of action potentials followed by maintained firing at a reduced rate (Spencer and Kandel, 1961; Schwartzkroin, 1977) . This decrease in firing frequency has been termed "spike frequency adaptation" and is believed to result from activation of the Ca'+-activated K+ conductance (Madison and Nicoll, 1982) . Spike frequency adaptation was found to be greatly enhanced at lower temperatures (Fig. 5) ; often the neurons did not fire any action potentials after the initial brief train. In addition, a large decrease in the amplitude of the succeeding action potentials in a directly evoked train of spikes is apparent at low temperature (Fig. 6, Table I ). This decrease could be caused by an increase in an outward current, such as Ca2'-activated K+ current, during the train. Opposite effects were seen in cells which were warmed from low temperature (not shown). Taken together, these lines of evidence suggest a significant increase in Ca2+-activated K+ current at lower temperatures.
Synaptic responses were also qualitatively altered by reducing the temperature. At 37'C, orthodromic stimulation of stratum radiaturn evoked an excitatory postsynaptic potential (EPSP), which triggered an action potential at sufficient stimulus intensities, followed by a large, monophasic inhibitory postsynaptic potential (IPSP) (Fig.  7A, first trace) . At cooler temperatures the peak amplitude of the early IPSP was decreased (8 of 9 cells) and a second, later hyperpolarizing potential became apparent (5 of 9 cells; Fig. 7A , second trace, solid arrow). These changes were reversed upon rewarming. When the membrane potential was varied with DC current, the early IPSP (measured at a latency of 50 msec) reversed polarity about IO mV negative to resting I/, (mean = -10.9 + 1.9 mV at 37°C; n = 5) (Fig. 78) . This apparent reversal potential agrees with previous measurements obtained for both the IPSP and y-aminobutyric acid (GABA)-induced hyperpolarizations (Dingledine and Langmoen, 1980; Ben-Ari et al., 1981) , and probably represents the Cl-equilibrium potential. The late hyperpolarizing potential (measured at a latency of 140 msec), however, reversed polarity at a significantly more negative potential (mean = -16.3 + 3.5 mV from resting V,,,, n = 4, p < 0.05) (Fig. 76 ). This suggests that the later hyperpolarizing potential is produced by an increase in a K+ conductance (see also Nicoll and Alger, 1981 b; Newberry and Nicoll, 1984) . Late hyperpolarizing potentials were not apparent at 37'C and were observed in half of the population of cells recorded at 27%. Cooling did not affect the apparent reversal potential of the early IPSP (Fig. 78) .
Discussion
These data demonstrate that the membrane properties and synaptic responses of CA1 b hippocampal pyramidal neurons are distinctly altered by reductions in temperature of only 5 to 10" from normal body temperature. Cooling these neurons results in an increase in membrane RN, slowing of action potential kinetics, an increase in the amplitude and duration of the Ca2+-activated K+ potential, and the appearance of a late hyperpolarizing synaptic potential. Some of these effects have been observed in other systems. Increases in RN with cooling have previously been reported for mammalian central neurons (Pierau et al., 1969; Scholfield, 1978; Halliwell and Adams, 1982) . In molluscan neurons this increase in RN appears to be the result of a decrease in the resting sodium permeability (Marmor, 1971) , a finding which is not inconsistent with our observations of increased apparent resistance at all V,s. Changes in action potential parameters with cooling have been extensively described in a variety of preparations (Guttman, 1971; Klee et al., 1974; Joyner, 1981) . As in those systems, the kinetics of ion channels underlying the action potential in hippocampal neurons appear to be slowed at low temperature, resulting in a reduction in the maximum rates of rise and fall of the action potential and an increase in its amplitude and duration. Estimates of temperature coefficients from our results are quite similar to previous measurements (e.g., Westerfield, et al., 1978) and confirm that cooling predominantly affects the falling phase of the action potential (Frankenhaeuser and Moore, 1963) . The overall effect of these changes is to significantly broaden the action potential. Although EPSPs were not examined in this study, a broadening of action potentials most probably would increase evoked transmitter release.
The most striking findings of this study are the large increases in the amplitude and duration of the AHP which follows a train of action potentials, and the marked enhancement of spike frequency adaptation. These results indicate an increase in the Ca2+-activated K+ potential at low temperatures. Although the mechanisms which control the size of Ca2'-activated K+ currents are not well understood, several possible mechanisms could account for this increase. The increase in the AHP could be an indirect result of an unchanged K+ current flowing across the increased resistance of the membrane. This does not seem likely since large increases in the AHP were seen in cells which showed insignificant changes in input resistance. A Figure 7 . Effects of cooling on orthodromically evoked IPSPs in single cells. A, The peak amplitude of the IPSP was reduced by cooling and a late hyperpolarizing response became apparent (so/id arrow).
B
These changes were reversed upon rewarming. 9, Reversal potentials of orthodromic IPSPs in a single cell at 37 and 27'C. Sample traces at rest V, are shown superimposed in the inset. Reversal potentials of the IPSP have been plotted for two latencies, 50 and 140 msec after stimulation (arrows in inset). The apparent reversal potential of the early IPSP was -9.2 mV from rest at 37OC and -7.3 mV at 27OC; however, the late hyperpolarizing potential reversed at -6 mV at 37°C but -12.7 mV at 27°C. This suggests that, at 37"C, the entire IPSP reverses at Eo, whereas, at low temperature, the late hyperpolarizing potential reverses at Ek. This cell did not show a reduction in the early IPSP amplitude. Rest V,,, = -70 mV. Lines were drawn by the least squares linear regression method. Calibration for the inset is the same as in A. Action potentials were amputated due to high gain.
